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The excitation of the 24Mg 0-band 0 ÷ and 2 ÷ states at 6.43 MeV and 7.35 MeV, respectively, in inelastic hadron scatter- 
ing has been considered in the collective model where coupling of these states to the states of the ground state band is via a 
0-vibration coupled to the static deformation. It is found that coupled channel effects on the 0 ÷ state excitation are rather 
important and moreover the excitation of the 0 ÷ state can be satisfactorily explained only if a monopole breathing mode 
form factor is included in addition to the monopole 0-vibration form factor. 
Aside from evidence found [1-3]  for a small per- 
centage of fragmented monopole (E0) strength in light 
nuclei (A_~< 40), in only one experiment has a large 
concentration of E0 strength been reported [4]. Never- 
theless, one can consider the existence of the giant 
monopole resonance (GMR) in light nuclei as yet an 
open question [5]. A major effort at present is being 
undertaken to locate this monopole strength in light 
nuclei either in inelastic hadron scattering at forward 
angles or from the study of the decay of inelastically 
excited nuclei n the region where the GMR is expected. 
A possible way to investigate the GMR is to study 
[6] the effective charges of low-lying monopole transi- 
tions. By mixing in with low-lying states of  the same 
spin and parity, a giant resonance manifests [6] itself 
by a renormalization of the transition rates of these 
low-lying states as calculated from their simple shell 
model (truncated) configurations. For spherical nuclei 
where low-lying monopole states could be described 
as simple shell model configurations, it is possible to 
obtain state dependent effective charges making cer- 
tain assumptions on the excitation energy and strength 
of the monopole resonance. In this way Castel and 
Satchler [7] were able to explain the enhancement 
and reduction of the low-lying monopole transitions 
in 206pb and 90Zr, respectively. 
1 Permanent address: Istituto di Fisica dell'UniversitY, Baxi, 
Italy. 
In deformed nuclei, where the configuration of the 
13 vibrational 0+ state is rather complicated, the renor- 
malization of E0 transition rates due to coupling to 
the GMR is not easily tractable. However, because the 
form factor of a monopole (surface) 13-vibration is dif- 
ferent from that of the compressional (breathing) 
mode, there is the hope that by studying inelastic elec- 
tron or hadron scattering one would be able to find 
the admixture of the breathing mode into the low-ly- 
ing monopole transitions by trying to fit the experi- 
mental angular distribution with an admixture of the 
two form factors. Such an attempt has been performed 
by Morsch and Decowski [8] for 4He, 12C and 24Mg 
lowest 0 ÷ excited states. They claim [8] that while for 
4He and 12C the angular distributions can be fit with 
either a compressional mode form factor or a ~-vibra- 
tion type form factor, the contribution of the compres- 
sional mode to the excitation of the 0 + state at 6.43 
MeV in 24Mg is negligible. 
In their analysis of the low-lying monopole xcita- 
tions, Morsch and Decowski [8] used DWBA with 
form factors obtained by folding the monopole transi- 
tion densities into an effective projectile-nucleon in-
teraction. While this procedure should be valid for 
spherical nuclei, its application to strongly deformed 
nuclei such as 24Mg is rather questionable. In fact, 
strong channel coupling can affect the differential 
cross sections for various channels drastically. Such ef- 
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fects have been observed [9], for example, in single 
and mutual excitation of a-scattering from 24Mg and 
28Si. Moreover, attempts to fit the experimental 40 
+ 
MeV [10] and 20 MeV [11] (p, p')  data for the 0/3 
state of 24Mg with DWBA calculations using either 
macroscopic [ 10] (vibrating-diffuseness and breathing 
mode) form factors or microscopic [10,11 ] form fac- 
tors failed. This failure could partly be attributed to 
strong coupled channel (CC) effects, since in the study 
of inelastic proton scattering from 24Mg at 0.8 GeV, 
Blanpied et al. [12] concluded from a full CC analysis 
in the 0-vibrational model that the 0 + state at 6.43 
MeV can not be described by a pure monopole/3-vibra- 
tion form factor alone. CC effects on the excitation 
of the 0~ of 24Mg were studied earlier [13] using a 
wrong coupling scheme where the same form factor 
+ 
was taken for the 0g s ~ 2 + and 2 + ~ 0/3 transitions 
but more importantly the 2~- state was omitted from 
the coupling scheme. 
In this letter, we would like to present analysis of 
the ground state band (gsb) and/3-band, in 24Mg ex- 
cited by inelastic hadron scattering [1,12,14] in a 
coupled scheme where proper coupling of the/3-band 
+ 
to the gsb is included. Not only is the 20 angular distri- 
bution well explained (DWBA predictions are out-of- 
phase with the experimental data) in this scheme, but 
+ 
also the 0/3 state can only be described by including 
in addition to the 0-vibration form factor a breathing 
mode form factor. 
Along similar lines as described in ref. [14], one can 
show that the coupling of a 0-vibration to a static de- 
formation would lead for the excitation of the 0-band 
states from states of gsb to a form factor: 
fx0x = (-1)X(I/3 0 X0 IIg 0) X-1(5/47r)1/2 ~ iv} 1) 
1 
X (1/3-/321(1020[X0) 2 - ~j(lOOOlXO)2), (1) 
where [/3 -02[ i s  the amplitude of the/3-vibration and 
the second term within the brackets is added to satisfy 
the condition of conservation of particles. Essentially 
is determined once I/3 -/32 [ is determined with the 
condition 
ffooo(r)r 2 dr = 0 (2) 
For the definition of the various symbols ee ref. [14]. 
This form factor was incorporated into CHUCK 
[15] ,1 to perform the full CC calculations. For ex- 
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Fig. l. Angular distribution for the 02 state at E x = 6.43 MeV 
in 24Mg. Data points are obtained from ref. [1]. Dashed and 
solid curves are results of DWBA calculations using/3-vibration 
and breathing mode form factors, respectively. The monopole 
amplitudes needed to fit the data are I/3 -/32[ = 0.190 for the 
/3-vibration form factor and/30 = 0.0734 for the breathing 
mode form factor. 
citations within the same rotational band the usual 
collective form factor [14] was used. 
As it will soon become obvious, breathing mode 
form factor will be needed to fit the 0 + state of the/3- 
band in addition to the/3-vibration form factor [eq. 
(1)]. This was taken of the form [16] 
f000 = -3U(r )  - rdU/dr , (3) 
where U is the optical model (OM) potential. 
The DWBA and CC calculations were performed us- 
ing OM parameters of ref. [ 14]. Coulomb excitation 
of the 2 + states of the gs and/3-bands was neglected 
since it had [14] little effect on the angular distribu- 
tions of the 2 + states and its neglect leads only to a 
slight renormalization of the deformation parameters. 
In fig. 1, the results of DWBA calculations for the 0~ 
using the/3-vibration form factor [eq. (1)] and the 
breathing mode form factor [eq. (3)] are shown as 
dashed and solid curves, respectively. The two DWBA 
curves reproduce the first maximum but start to differ- 
from each other and become out of phase with the 
data in the region of the second and third maxima. 
+ 
For the 2/3 state of the 0-band, the DWBA calcula- 
,1 The program has been modified to perform the correct 
couplings to the states of the/3-band. 
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Fig. 2. Angular distribution of the 02 and 22 states of the 
#-band in 24 Mg. Data points are from ref. [1]. Dashed curves 
are results of CC calculations in which the 0 ÷ and 2 + states of 
the gs and #-bands are coupled together in one scheme where 
the couplings are given by eq. (1). Solid curves are results of 
CC calculations in which a breathing mode form factor in addi- 
tion to the #-vibration form factor coupling the 02 state to 
the gs is included. Dotted curve through 2÷ data is the result 
of DWBA calculation. See text for more details. 
tions (dotted curve in fig. 2) using the usual vibrational 
X~> 2 form factor (fx0x = -Ro  dU/dr)is out of phase 
with the data. 
The question arises as to what happens when the 
+ 
07 and 2# states of  the/3-band are coupled to the 0 + 
and 2 + states of the gs band in a scheme in which all 
couplings arising from a/3-vibration coupled to a static 
deformation are included? The results of such a calcula- 
tion are shown as dashed curves in fig. 2. The only free 
parameter in this calculation is in principle the cou- 
pling parameter I/3 - /3 2 I [see eq. (1)]. The OM param- 
eters and the deformation parameter of the gs band (/32 
= 0.355) are obtained from ref. [14]. The deforma- 
tion parameter of the/~-band (/32~) could essentially be 
obtained [14] by scaling the moments of inertia of the gs 
and/3-bands. However, to anticipate any possible 
strong effect of/32 ~on the angular distribution of the 
03 state we have varied both I/3 -/321 and/32# to ob- 
tain the best X2-fit to the 03 differential cross section 
(dashed curve in fig. 2). It is clear that the reasonable 
fit at the forward angles obtained to the 0 F from 
DWBA calculations using either the/3-vibration or the 
breathing mode form factors (see fig. 1) is lost. More- 
over, the predicted ifferential cross section for the 
+ with the parameter I/3 -/321 = 0.138 and {72 ~ 2#
= 0.491 which give a reasonable stimate to the mag- 
+ differential cross section (see dash- nitude of the 0#
ed curves in fig. 2) overestimates the data of the 27 
state by a large factor. 
The differential cross sections for elastic scatter- 
ing of a-particles from 24Mg at Ea = 120 MeV and in- 
elastic differential cross sections to the 2 + state of the 
gsb obtained from the above CC calculations are not 
shown here since they are very similar to those shown 
in fig. 2 of ref. [14]. 
h- A good description for the data of the 0# state in 
the CC scheme described above could only be obtain- 
ed by including a breathing mode form factor [eq. (3)] 
in addition to the j3-vibration form factor [eq. (1)] con- 
+ 
necting the 0# to the gs. A ×2-search on the two cou- 
pling parameters I/3 -/32 1 and {70 (breathing mode) 
+ + differen- which lead to the best fit to the 0#and 2#
tial cross sections resulted in the solid curves in fig. 2. 
Indeed the results of this CC calculation are quite an 
improvement even compared to the DWBA curves of 
fig. 1. The parameters so-obtained are I/~ -/32 I 
= 0.0652 and/30 = -0.0684. In this calculation/72 ~ 
was also varied. The final value for {72 ~ obtained from 
the X2-fit is 0.376 which is not much different from 
the quadruj~ole deformation of  the ground state of 
0.355. A ×k-search on the two parameters I /3,  #21 and 
/30 forcing the latter to be positive resulted in fits 
which are worse by factors of 2.0 and 3.5 in X 2 for 
+ data in comparison with those obtain- the 07 and 2#
ed with/30 negative. Qualitatively the fits were also 
worse in the sense that they were out of phase with 
+ 
the data for both the 07 and 2# state in the angular 
region of the 2nd and 3rd maxima. The absolute values 
of the parameters were, however, similar in both cases. 
The good fits to the data of the 07 and 27 states 
both in magnitude and shape obtained from the same 
CC calculation (solid curves in fig. 2) attest o the cor- 
rectness of the suggested coupling scheme. This calcu- 
lation indicates moreover that the coupling of the 
+ 
breathing mode into the 0# vibrational state is signifi- 
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cant. The isoscalar monopole matrix element obtain- 
ed using the admixed monopole transition density and 
following Bernstein procedure [17] is 7.3 fm 2 in rea- 
sonable agreement with the result of 6.33 + 0.29 fm 2 
obtained from electron scattering [ 18]. 
We have similarly analyzed the 800 MeV inelastic 
scattering data of ref. [12] using the reported [12] 
optical model parameters. Here the value of the de- 
formation parameter/3~ was fixed to 0.637 by assum- 
ing the same scaling to the deformation parameter of 
the ground state (/32 = 0.601; ref. [12] as was obtained 
from the analysis of the 24Mg(ct, a')24Mg data. The X 2- 
+ differen- search resulted in a rather good fit to the 0#
tial cross section (not shown here), with I/3 - r2 I 
= 0.122 and/30 = -0.051 leading to a monopole matrix 
element, again using Bernstein procedure [17], of 5.9 
fm 2 . 
In summary, the amount of coupling of the mono- 
pole breathing mode into the 03 r-vibrational state in 
24Mg turns out to be rather substantial in disagree- 
ment with the claim of Morsch and Decowski [8] who 
+ 
found that the angular distribution of the 0t3 state at 
6.43 MeV could be fitted with a form factor that cor- 
responds to a monopole surface oscillation (~-vibra- 
tion). The appreciable admixture of the breathing 
mode monopole form factor to the low-lying ~-vibra- 
tion indicates either that the monopole resonance is
not very high in excitation energy or that the cou- 
pling matrix element o the 03 state is large. A sys- 
tematic study of these 0 + ~-vibrational states across 
the sd-shell nuclei using the above procedure may 
shed some light on the location and strength of the 
breathing mode which has escaped etection by direct 
means of inelastic scattering of electrons and hadrons 
in these nuclei up to the present. 
This work has been performed as part of the re- 
search program of the Stichting voor Fundamenteel 
Onderzoek der Materie (FOM) with financial support 
from the Nederlandse Organisatie voor Zuiver Weten- 
schappelijk Onderzoek (ZWO). 
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